Chronic pain is a hallmark of osteoarthritis (OA), yet little is known about its properties and representation in the brain. Here we use fMRI combined with psychophysics to study knee pain in fourteen OA patients and nine healthy controls. Mechanical painful pressure stimuli were applied to the knee in both groups and ratings of evoked pain and related brain activity examined. We observe that psychophysical properties and brain activation patterns of evoked pain are essentially the same between OA patients and healthy subjects, and between worse and better OA knees. In OA patients, stimulusrelated brain activity could be distinguished from brain activity associated with spontaneous pain. The former activated brain regions commonly observed for acute painful stimuli in healthy subjects, while the spontaneous pain of OA engaged prefrontal-limbic regions closely corresponding to areas observed for spontaneous pain in other chronic pain conditions, such as chronic back pain and post-herpetic neuralgia. Arthritis-related clinical characteristics of knee OA also mapped to prefrontal-limbic regions. In a subgroup of patients (n = 6) we examined brain activity changes for a 2-week, repeat measure, cyclooxygenase-2 inhibitor (valdecoxib) therapy. Treatment decreased spontaneous pain for the worse knee and clinical characteristics of OA, and increased blood and csf levels of the drug which correlated positively with prefrontal-limbic brain activity. These findings indicate dissociation between mechanically induced and spontaneous OA knee pain, the latter engaging brain regions involved in emotional assessment of the self, and challenge the standard clinical view regarding the nature of OA pain.
Introduction
Osteoarthritis (OA) is the most common type of arthritis, and a leading cause of disability worldwide (Sharma et al., 2006) . Pain is the primary complaint associated with OA, serving as a predictor of physical dysfunction and muscular weakness, and is thought to influence subsequent outcomes (O'Reilly et al., 1998; Miller et al., 2001; Kidd et al., 2004; Felson, 2005) . Thus characterizing the pain of OA is critical to understanding mechanisms underlying the disease.
OA pain is generally described as a chronic inflammatory response (Felson, 2005) , generated in part by up-regulation of Na + channels (Laird et al., 2001 ) and cartilage degradation-associated local production of NO (Takahashi et al., 2001) . There is poor relationship between joint anatomical changes, as identified by MRI, and OA pain (Conaghan and Felson, 2004) . On the other hand, painful OA knees are more likely to demonstrate structural pathology than non-painful knees (Felson et al., 2001; Hill et al., 2007) . OA pain is localized and use-related (Gok et al., 2002; Johnson et al., 2007) . Most human studies use either pain questionnaires (Bellamy, 2002; Mendoza et al., 2006; Rosemann et al., 2008; van den Akker-Scheek et al., 2008; Victor et al., 2008) or quantitative sensory testing to measure non-painful somatosensory perception and pain thresholds in response to mechanical or thermal stimuli (Hendiani et al., 2003; Ordeberg, 2004; Martinez et al., 2007; Imamura et al., 2008) . These studies identify primary and secondary mechanical and heat hyperalgesia, implying peripheral and central sensitization, which seem to resolve following joint replacement (Lindh et al., 1997; Hendiani et al., 2003; Ordeberg, 2004; Neugebauer et al., 2007; Shakoor et al., 2008) . OA is also associated with decreased mechanosensation of pressure or vibratory stimuli, yet no study to date has quantitatively examined pressure-induced pain over the diseased joint and its related brain activity. Anti-inflammatory drugs remain the main therapies used to treat OA symptoms, including those preferentially targeting the COX2 enzyme. Although two COX2 selective inhibitors were recently withdrawn from the market, less-and non-selective COX2 inhibitors are still prescribed (Chen et al., 2008) . However, the effect of COX2 inhibitor treatment on OA pain-related brain circuitry is not yet known.
Recent studies have begun exploring brain activity in OA in the absence of peripheral stimulation (Kulkarni et al., 2007) , for referred pain in hip OA (Gwilym et al., 2009) , and for modulation of brain activity in knee OA by lidocaine patch therapy (Baliki et al., 2008) . In the present study, we examine knee OA, hypothesizing that painful pressure stimuli applied to the joint will induce greater pain and increase related brain activity in OA patients and, that these responses will be greater for the knee more affected by the disease. Given the inflammatory nature of OA, we expected painful stimulus-evoked brain activity patterns to be similar to those reflecting spontaneous OA pain. We correlated clinical characteristics of OA and the effects of a COX2 inhibitor treatment with brain activity for evoked and spontaneous pain to further elucidate brain regional activity characteristics along these dimensions.
Materials and methods

Participants
Fourteen OA patients (10 males; age 56.1 ± 2.09 years, mean ± SEM) and nine healthy controls (6 males; age 46.55 ± 2.6 years) participated in this study. Six OA patients also participated in a COX2i drug treatment study. All subjects were right-handed, gave informed consent to procedures approved by the Northwestern University Institutional Review Board, and compensated financially for their time. Healthy subjects had no history of chronic pain, and OA patients were only included if they fulfilled criteria of the American College of Rheumatology for classification of OA (Altman 1986) and had no history of other pain conditions. Patients were also required to have experienced OA pain for a duration longer than 3 months with a pain magnitude of at least 30/100 on a visual analog scale (VAS). During a screening interview patients indicated if one knee is generally more painful than the other, or affects more their daily life; this knee was designated as the 'worse knee', and the other designated as the 'better knee'. OA pain characteristics were determined using the short form of McGill Pain Questionnaire (MPQ) Melzack, 1987 and the Western Ontario and McMaster Osteoarthritis Index (WOMAC) Bellamy, 2002 . Clinical and demographic data are summarized in Tables S1 and S2 , see the online version at 10.1016/j.ejpain.2010.12.007. All participants refrained from use of short acting analgesics for 72 h prior to testing and were not on antidepressants.
Experimental design
Prior to brain scanning subjects learned how to use a fingerspanning device to continuously report changes in pain intensity on a 0-100 scale, with 0 = no pain and 100 = worst imaginable pain (Baliki et al., 2006) . Pressure was delivered using a custom-made fMRI compatible device designed to apply pressurepain on deep tissue consisting of a plastic piston 14 mm in diameter with a rounded dull end, propelled by pressurized air and equipped with a feedback sensor to continuously record applied pressure (Fig. S1 , see the online version at 10.1016/j.ejpain.2010.12.007). Pressure was applied to the most sensitive part of each knee for patients and at the center of the knee joint in controls. During each session, subjects were presented with four 10 min scan runs of pressure stimulation (two on each knee), while using the finger device to rate ongoing pain. Subjects were instructed to rate the intensity of pain evoked by the stimulus, and ignore touch and/or pressure sensation. Patients were additionally told not to rate their spontaneous OA pain. A measure of spontaneous pain was obtained by interrogating the patients at the start of each scan run as to their level of OA pain on a verbal 0-100 scale in the knee about to be stimulated. In this design we thus obtained, for each scan run, a ten minute ongoing evoked pain rating as well as a single spontaneous pain rating for the specified knee.
Depending on the localization of OA pain, the stimulus was applied to skin just overlying the joint, just over bone, or on soft tissue. Thus absolute applied pressure varied in intensity as a reflection of stimulation site. Therefore we normalized applied pressure, and pain ratings, between subjects by calculating relative stimulus intensities and pain ratings, presented in standardized units (s.u. = number of standard deviations from mean). During each scan run subjects were presented with pressure stimuli distributed in time in a pseudo-random design of variable intensities and durations; the number of stimuli (maximum nine) was determined by monitoring subjects' responses.
COX2 inhibitor treatment study
A subset of OA patients (n = 6) participated in an open-labeled study of the effects of a COX2 selective inhibitor (COX2i, valdecoxib), on OA pain. Our original intention was to carry out this study in all patients. However, halfway through the study the drug was withdrawn from the market in the US, and thus we discontinued the treatment portion. Session 1 was performed prior to the start of drug and after cessation of use of short acting analgesics for 72 h. OA patients started use of COX2i drug (10 mg twice daily) and continued to refrain from all other analgesic medications during this time. The same procedures were then performed: 24 h after start of drug (session 2), and 2 weeks after continued use of drug (session 3).
Immediately following each session, samples of cerebrospinal fluid (csf) and heparinized blood plasma were drawn from each participant to measure drug and PGE2 concentrations. Csf was collected by lumbar puncture, during which patients sat upright, and following betadine prep, sterile draping and infiltration with 1% lidocaine at the L3-L4 interspinous space, an 18 g introducer needle was inserted. A 24 g pencil-point spinal needle was added using sterile technique and with gentle aspiration a clear 0.2 ml of csf was collected. A solid phase extraction (SPE) procedure was performed on centrifuged csf to obtain 0.10 ml aliquots containing analyte and stable isotope labeled internal standard. Immediately following lumbar puncture, 0.5 ml of blood plasma was drawn from the antecubital fossa using a 21 g needle; 0.30 ml aliquots containing analyte and stable isotope labeled internal standard were extracted with SPE procedure. Samples were refrigerated at À20°C and analyzed within established storage stability periods. Extracted csf and blood plasma samples were analyzed by high performance liquid chromatography with tandem mass spectrometry (HPLC/MS/MS). Quantification of 843.e2 samples was performed blinded as to subject identity and time point.
Psychophysics
Psychophysical properties of knee pressure-induced pain collected during fMRI scans were studied in OA patients and healthy subjects by examining average time variability of pain ratings relative to the time course of pressure applied to the knee joint, and by quantifying stimulus-response relationships between applied pressure and resultant pain ratings. To reduce rating noise we subtracted baseline pain ratings 7.5 s prior to start of the stimulus from the pain rating of each episode. Stimulation episodes were only included in the analysis if they induced a change in pain rating from baseline greater than 10 out of 100. In order to investigate the time course of the stimulus-response relationship, applied pressure intensity and pain ratings were averaged separately for the start (rise) and end (fall) phases of each stimulation epoch. A two-way repeated measures analysis of variance was performed for each phase with time a repeat measure factor and grouping (OA versus healthy, and OA worse versus better knees) the other independent factor.
fMRI and anatomical data acquisition
Functional MRI data was acquired with a 3T Siemens Trio whole-body scanner with echo-planar imaging (EPI) capability using a standard 8-channel radio-frequency head coil. Multi-slice T2 ⁄ -weighted echo-planar images with whole brain coverage were obtained with the following parameters: repetition time TR = 2.5 s, echo time TE = 30 ms, flip angle = 90°, slice thickness = 3 mm, inplane resolution = 3.475 Â 3.475 mm 2 , and number of slices = 36. T1-weighted anatomical MRI images were also acquired for each subject using the following parameters: TR = 2.1 s, TE = 4.38 ms, flip angle = 8°, FOV = 220 mm, slice thickness = 1 mm, in-plane resolution = 0.86 Â 0.86 mm 2 , and number of sagittal slices = 160.
Preprocessing of fMRI data
Image analysis based on changes in blood oxygen leveldependent (BOLD) signal was performed using FSL Version 4.1 (www.fmrib.ox.ac.uk/fsl) (Jezzard et al., 2003) . Preprocessing of each subject's individual scan run included interleaved slice timing correction, motion correction using MCFLIRT, spatial smoothing using a Gaussian kernel of full-width half-maximum 5 mm, linear high-pass temporal filtering (100 s), and intensity normalization. Scan runs with an absolute magnitude of head motion greater than 2.5 mm were excluded from further analyses (six scans in controls and eight in OA patients). Preprocessed data was registered to each subjects' T1 image before normalization to standard space with the Montreal Neurological Institute (MNI152) template. Following registration, the time course of the BOLD signal for a voxel in the white matter (x = 41, y = 60, z = 46) and another voxel in the ventricle (x = 57, y = 75, z = 46) were extracted for subsequent analyses.
2.6. fMRI statistical analyses 2.6.1. General linear model analysis
The fMRI signal was linearly modeled on a voxel-by-voxel basis using FSL's improved linear model (FILM) with local autocorrelation correction (Woolrich et al., 2001 (Woolrich et al., , 2004 . For each scan run, pressure-evoked pain ratings were convolved with the hemodynamic response function (gamma function: lag = 6 s, standard deviation = 3 s). Six head motion vectors (derived from motion correction) and the single-voxel time courses extracted from the white matter and ventricle for each functional run were used at this level as covariates of no interest to further remove residual variance from head motion and scanner and physiological noise. Significance of the model fit to each voxel time-series was calculated to yield statistical parametric maps for each scan in each subject.
Brain activity for stimulus-evoked pain
To standardize comparisons between groups and stimulated knees, stimulus-evoked activity was performed on activity maps after flipping the activation maps for right knee stimulation along the x-axis. This rendered all stimulus runs to reflect a unilateral stimulation of the left knee, thereby enabling group averages and comparison of worse and better knees by controlling for the confound of sidedness. Stimulus pain-related brain activity was identified for each participant by averaging within-subject scan runs in a fixed effects analysis. Group statistical maps were then generated at the next level by averaging OA patients' and controls' activation maps with a mixed effects analysis and controlling for potential age effects by regressing out age as a covariate of no interest.
As the mixed effects modeling calculates the true random effects component of the variance and proper degrees of freedom at each voxel, it allows inferences to be made about the wider population from which subjects are drawn. Overlap between activity maps was determined by binarizing and multiplying voxels exceeding intensity and cluster threshold in OA and controls. Contrasts between OA and controls were also performed (unpaired ttest, mixed effects) to identify potential differences in brain activity between the two groups. Similar statistical procedures were employed to investigate brain activity for worse and better knees in OA patients.
2.6.3. Differentiating brain activity for spontaneous versus evoked OA pain OA patients' spontaneous pain value was used as a covariate of interest for each scan. The second covariate of interest (evoked pain) was calculated as peak evoked pain averaged across stimulation epochs for each scan. Both covariates were included in a fixed effects multiple regression analysis with individual scan runs (flipped data) as inputs. This approach identifies brain regions involved in one condition while correcting for the influence of the other.
Brain activity co-varying with OA clinical characteristics
To identify brain regions related to clinical characteristics of OA, we performed separate analyses for WOMAC pain, WOMAC function, and MPQ scores. Within-subject averages of scans across both knees were generated using un-flipped data, as stimulus laterality was not of interest. These maps were then input to higher-level fixed effects covariate analyses and corrected for age.
Brain activity modulated by COX2i levels in the blood
Changes in brain activity modulated by treatment were identified by conducting within-subject paired t-tests (fixed effects, unflipped data) between each of the three scan sessions, yielding 3 maps for each subject (session 2 > session 1, session 3 > session 2, and session 3 > session 1). This identifies brain regions that increase in activity with continued use of the drug. These maps were then input to a higher-level Ordinary Least Squares mixed effects regression model with changes in blood levels of the drug serving as the covariate of interest.
Threshold for identifying brain activations
A gray matter mask was applied to group average maps prior to thresholding. Cluster-based correction of the z-statistic images was thresholded at z > 2.7. For each resulting cluster of spatially connected voxels surviving the z threshold, a cluster probability threshold of P < 0.01 (corresponding to a Family Wise Error Correction of P < 0.0005) was applied to the computed significance of that cluster, properly correcting for multiple comparisons (Friston et al., 1995) .
Surface-based mapping
Surface-based mapping was constructed using the PopulationAverage, Landmark-and Surface-based (PALS) average-fiducial surface from the 23 individual subjects as the atlas target (Van Essen, 2005).
Results
Psychophysics of knee pressure-evoked pain
Stimulus-response relationships were examined (per stimulation) regarding perceptual time courses (rise and fall rates) and response magnitudes. Stimulus duration did not differ between controls (mean ± SE 24.9 ± 0.61 s) and OA patients (26.5 ± 0.67 s) (p = 0.1), or between better and worse knees in OA (p = 0.2). Peak pressure intensity for each stimulation was slightly higher in controls (2.8 ± 0.08 s.u.) than OA (mean ± SE: 2.6 ± 0.06 s.u.) (p = 0.02), but did not differ between better and worse knees in OA (p = 0.5). Peak pain ratings did not differ between controls (mean ± SE: 2.7 ± 0.09 s.u.) and OA patients (2.5 ± 0.07) (p = 0.07), or between better and worse knees in OA (p = 0.7).
The time course for pain ratings during the rise phase of the stimulus was distinct between OA patients and controls (F 1,325 = 9.1, p < 0.003), with a significant interaction (time Ã group, F 8,2600 = 5.5, p < 0.00001) (Fig. 1A , first panel). Pressure intensity was similar between the groups (Fig. 1B , first panel), despite a significant interaction effect (time Ã group, F 8,2600 = 8.8, p < 0.00001). At 2.5 s prior to stimulus end, OA patients rated stimuli as slightly less painful (F 1,325 = 18.9, p < 0.00002), with a significant interaction (time Ã group, 10 time steps, F 9,2925 = 21.4, p < 0.00001) (Fig. 1A, second panel) . Stimulus-response relationships between pain and pressure were positively correlated in both OA patients (r = 0.67, p < 0.0001) and healthy subjects (r = 0.58, p < 0.0001); however, these slopes did not differ (Fig. 1E) . These results were replicated when using absolute pain and pressure values instead of standardized units (1 s.u. pain = 14/100 absolute pain; 1 s.u. pressure = 1.5 kg force applied with a 14 mm diameter probe).
Comparison of worse and better knees in OA patients revealed no significant differences in pain or pressure during either the start or end phases of stimulation ( Fig. 1C and D) . Stimulus-response relationships were again positively correlated for both knees (worse, r = 0.72, p < 0.0001; better, r = 0.58, p < 0.0001), but the slopes did not differ (Fig. 1F) . These results are opposite to our initial hypothesis as they demonstrate no pressure-induced pain per- Fig. 1 . Pressure-induced pain is similar between OA patients and healthy subjects, and between better and worse knees in OA patients. Time courses for the rise and fall phases of pressure (B) and pain (A) (in standardized units (s.u.), ±SEM) were averaged across all stimulations. Time courses for pressure and pain in better and worse OA knees (C and D) showed no significant differences. Peak pressure and pain for each stimulus positively correlated in all groups (E & F) but did not distinguish between OA and controls, or better and worse OA knees.
843.e4ception differences between healthy subjects and OA patients, or worse and better knees in OA, either in perceived pain magnitude or in the time course of pain perception.
3.2. Brain activity for pressure-evoked pain is minimally different between OA and healthy subjects and between worse and better knees in OA
The pressure-induced pain rating task evoked increased brain activity in healthy subjects in bilateral insula, thalamus, basal ganglia (caudate and putamen), amygdala, anterior cingulate (ACc), supplementary motor area (SMA), lateral prefrontal cortex, and posterior parietal cortices, as well as right secondary somatosensory cortex (SII), left premotor cortex, periaqueductal gray and other brainstem regions (Figs. 2A and S2A, see the online version at 10.1016/j.ejpain.2010.12.007, Table S3 , see the online version at 10.1016/j.ejpain.2010.12.007). OA patients exhibited activation in most of the same brain areas, and although it was slightly more widespread in OA (Figs. 2B and S2B, Table S3 ), the number of significantly activated voxels in controls and OA patients overlapped by 81% (Figs. 2C and S2C ). Contrast analyses between the two groups were null in both directions. Thus, there were only small differences in brain activity for pressure-evoked knee pain between OA patients and healthy controls.
Contrasting brain activity between knees in OA patients identified right lateral prefrontal activity for the worse greater than better knee (Figs. 2D and S2D, Table S3 ). The opposite contrast (better > worse) was null. Thus, we observe only small differences in brain activity between OA worse and better knees. These results match the psychophysical findings, are opposite to our starting hypothesis, and indicate that between OA and controls, and between worse and better knees, painful pressure stimuli applied to the knee are only minimally different.
Brain regions associated with pressure-evoked pain versus spontaneous pain in OA
Psychophysically, spontaneous pain ratings were higher for the worse knee (mean ± SE worse knee: 18.9 ± 3.9; better knee: 8.1 ± 2.8, p = 0.04). However, the magnitude of evoked pain did not differ between knees (p = 0.9). Moreover, patients' oral report of spontaneous OA pain at the start of each scan showed no relationship with pressure-evoked pain (r = À0.07, p > 0.6). Given that the evoked pain and spontaneous pain ratings show minimal interaction, they can be used to identify brain regions distinct to each perception.
Brain activity related to pressure-evoked pain in OA patients, corrected for the influence of spontaneous pain, localized mainly to bilateral insula, SII, ACc, SMA, inferior and posterior parietal cortices (Figs. 3A and S3A, see the online version at 10.1016/j. ejpain.2010.12.007, Table S4 , see the online version at 10.1016/j.ejpain.2010.12.007). Notably, a number of brain regions present in the group average prior to correcting for spontaneous pain (Figs. 2B and S2B) were no longer significantly activated, specifically thalamus, basal ganglia, amygdala, and lateral prefrontal cortex. Brain activity associated with spontaneous pain, after correcting for pressure-evoked pain, localized to the medial and orbital prefrontal cortex, as well as bilateral accumbens and amygdalae (Figs. 3B and S3B, Table S4 ). These findings demonstrate that OA spontaneous pain engages brain regions distinct from those activated by pressure-evoked pain, specifically prefrontal-limbic structures.
Brain activity related to OA clinical characteristics
OA patients' brain activity was determined in relation to MPQ, WOMAC function, and WOMAC pain scores (Fig. 4 Table S5 , see the online version at 10.1016/j.ejpain.2010.12.007). All three measures mapped primarily to prefrontal cortical areas: MPQ localized to orbital regions, WOMAC function to orbital, medial, and lateral prefrontal areas, and WOMAC pain to lateral prefrontal cortex, bilateral insula and basal ganglia. Activity maps for MPQ and WO-MAC function overlapped with areas involved in spontaneous OA pain. WOMAC pain-related brain activity minimally overlapped with spontaneous and stimulus-evoked brain activity maps.
All clinical measures of OA significantly positively correlated with spontaneous pain, but not with evoked pain ratings (correlations of MPQ total, sensory, and present pain index scores with spontaneous pain were: r = 0.35, 0.41, 0.36, with p < 0.01-0.004; and with evoked pain were: r = 0.18, 0.18, À0.2, p > 0.2; similarly correlations of WOMAC total, stiffness, and function with spontaneous pain: r = 0.35, 0.27, 0.41, p < 0.06-0.004; and with evoked pain: r = 0.02, 0.21, À0.02, p > 0.2-0.9). These relationships along with the brain activity findings indicate that questionnaire outcome measures are not representing stimulus-evoked pain, but instead better reflect characteristics of spontaneous pain in OA.
COX2 inhibitor treatment effects on OA pain and related brain activity
With treatment, levels of COX2i increased from undetectable to larger values in blood (F 2,10 = 21.1, p < 0.0004) and csf (F 2,10 = 19.9, p < 0.0003) (Fig. 5A ). Blood and csf levels of COX2i were tightly correlated showing that csf levels are 2% of that in blood (r = 0.9, p < 0.0001). On the other hand, PGE2 levels did not change with [Error xdoc] Figure Caption Missing treatment, were not correlated in the blood and csf, and were unrelated to changes in COX2i. Therefore we did not use PGE2 values in further analysis.
Treatment with COX2i drug over 2 weeks decreased multiple measures of OA pain. Decreases in clinical indices were observed for VAS ratings (F 2,10 = 5.8, p = 0.02), MPQ (F 2,10 = 4.3, p < 0.05), WOMAC total (F 2,10 = 8.7, p = 0.007), WOMAC pain (F 2,10 = 6.20, p = 0.02), and WOMAC function (F 2,10 = 9.0, p = 0.006) scores (correction for multiple measures, division by 5, renders the weaker effects to become borderline significant) (Fig. 5B) . Furthermore, there was a significant effect of treatment on OA patients' spontaneous pain in the worse (F 2,10 = 21.87, p = 0.0002) but not the better knee (Fig. 5C) , with no effect of COX2i treatment on evoked pain.
As blood levels of COX2i increased with treatment, we identified brain activity reflecting its change across the three scan sessions in OA patients for rating the painful pressure applied to the knee. The two main brain areas identified were located at the genu of the anterior cingulate (gACc) and the medial prefrontal cortex (mPFc) (Fig. 5D and E, Table S6, see the online version at 10.1016/j.ejpain.2010.12.007). A region of interest analysis for the two activity foci indicated that changes in BOLD activity were positively correlated with changes in blood levels of COX2i across scan sessions, and gACc activity specifically was also negatively correlated to changes in OA spontaneous pain for the worse knee. Therefore, the gACc activity links treatment-related pain perception changes to the blood levels of the COX2i drug.
Discussion
The main result of this study is the demonstration of the existence of two distinct pain states in knee OA patients. Knee pressure-evoked pain activated brain regions commonly observed for acute pain (Apkarian et al., 2005; Baliki et al., 2009) , while ongoing spontaneous OA pain engaged medial prefrontal-limbic cortical areas. We were surprised that applying deep pressure to the knee joint psychophysically showed a minor increase in perceived pain in healthy subjects, and yet the related brain activity was slightly greater in OA patients. Following correction for contribution of spontaneous OA pain, we observe that the stimulus-evoked painrelated map becomes more circumscribed and dominated by somatosensory nociceptive processing regions, shows minimal overlap with brain regions modulated by clinical characteristics of OA (MPQ, WOMAC function, and WOMAC pain), and is unaffected by treatment with a COX2 inhibitor. We observe almost an opposite pattern for spontaneous OA pain: (1) Brain regions involved in spontaneous pain did not overlap with those for stimulus-evoked activity, but instead engaged medial prefrontal and limbic areas, indicating that it is more of an emotional state (Dolan, 2002; Gallagher and Frith, 2003; Phelps et al., 2004) . (2) They showed close correspondence with brain regions modulated by clinical characteristics of OA, and many clinical characteristics decreased with COX2i drug treatment. (3) The main brain area (gACc) reflecting COX2i drug concentration in the blood also reflected decreases in OA spontaneous pain. Thus, prefrontal-limbic activity seems more relevant to OA pain as different parts of the region reflect emotional assessment, clinical characteristics, and modulation of spontaneous pain by drug treatment.
Recent clinical studies emphasize the critical role pain plays in OA (O'Reilly et al., 1998; Miller et al., 2001; Kidd et al., 2004; Felson, 2005) . To our knowledge this is the first quantitative psychophysical examination of pain perception for the knee joint in OA. Our initial hypothesis was that mechanically stimulating at and around the OA joint should result in allodynia and/or hyperalgesia. Instead we observe only a small decrease in pain sensitivity. Given that the stimulus is applied externally across the skin, we cannot unequivocally state that the pain ratings reflected only perturbations of deep tissue structures, such as bone, joint, muscle. On the other hand, given the geometry of the stimulating probe, its placement, and OA patients' confirmation that the applied pressure was provoking the OA pain, it is also highly unlikely that the ratings of pain were purely due to skin indentation. Electrophysiological studies of the inflamed knee in animal models provide ample evidence for afferent sensitization as well as activation of silent high-threshold nociceptors (Neugebauer et al., 2007; Schaible et al., 2009). However, these animal studies are done shortly after peripheral inflammation. Therefore, we suspect that the lack of pressure-induced pain sensitization of the OA knee is a reflection of chronicity of OA in the human clinical population, suggesting a mismatch between animal models and clinical OA. Our stimulus paradigm only examined pressure-pain, and other stimulus modalities may still exhibit evidence for sensitized joint afferents. It should be emphasized that systematic quantitative studies of OA pain remain urgently needed, and the current study is only a first attempt in this direction.
Here we observe that the stimulus-evoked pain has a distinct representation from spontaneous OA pain. Components of these activations have been observed in two earlier studies of OA related brain activity (Kulkarni et al., 2007; Gwilym et al., 2009 ). Our initial hypothesis was that spontaneous pain and evoked pain would map to the same brain areas, as inflammation is expected to enhance sensitivity and spontaneous firing of peripheral nociceptors. Based on this idea in an earlier study we attributed pressure stimulusevoked activity to the inflammatory component of OA (Baliki et al., 2008) . The current results clarify this relationship by dissociating stimulus-evoked brain activity from spontaneous pain-related brain activity. Notably, there is a close correspondence between brain regions seen here for spontaneous pain in OA and those observed for spontaneous pain in other chronic pain conditions, including chronic back pain (Baliki et al., 2006) and post-herpetic neuralgia (Geha et al., 2007) . In the present study we identified brain activity for spontaneous pain using a covariate analysis for subjects' ratings of stimulus-evoked pain. In two earlier studies spontaneous pain-related activity was determined using continuous ratings of fluctuations of ongoing pain (Baliki et al., 2006; Geha et al., 2007) . Despite methodological differences, in all three chronic pain patient groups we observe similar brain regions identified for spontaneous pain, primarily medial prefrontal cortex and limbic structures including the amygdala and nucleus accumbens. As the latter structures are implicated in emotional assessment of the environment relative to the self (Dolan, 2002; Gallagher and Frith, 2003; Phelps et al., 2004) , we can state that spontaneous chronic pain is generally an emotional state, and this applies specifically to knee OA pain too, a conclusion also reached by Kulkarni et al. (2007) . Moreover, the preoccupation of these regions with spontaneous pain may distort assessment and prediction of outcomes based on emotional cues (Dembo et al., 2005; Apkarian, 2008; Seymour and Dolan, 2008; van Roozendaal and Krass, 2009) , and may underlie the decision-making deficits observed in different chronic pain conditions (Apkarian et al., 2004) , suggesting that similar deficits should also be observable in OA patients. Even though spontaneous pain generally engages mPFc-limbic circuitry, there is also a differential gradient of activity across the three clinical conditions implying unique emotional properties for spontaneous pain in different clinical conditions: mPFc is most prominently active in chronic back pain (Baliki et al., 2006) and amygdala and accumbens activity best reflect clinical characteristics of post-herpetic neuralgia (Geha et al., 2007) , whereas in OA more orbitofrontal cortical regions seem engaged in the condition, with orbital, medial and lateral PFC activity reflecting its primary clinical characteristics. To our knowledge this is the first study mapping clinical characteristics of OA pain to brain activity, and the tight correlation between clinical parameters and magnitude of spontaneous OA pain provide further evidence as to the physiological source of these clinical measures in OA, and indicate that these medial prefrontal-limbic regions encode complex properties, expectations and consequences of OA pain.
This study is also the first to examine brain activity in OA in relation to an anti-inflammatory drug treatment, and investigate COX2i and PGE2 blood and csf levels during the course of treatment. The csf levels of COX2i and PGE2 are similar to the only two other reports documenting these values in humans (Hsu et al., 2001; Dembo et al., 2005) . Although this was an open-labeled study done in a small group of OA patients, we observe specific changes in clinical outcome measures, spontaneous OA pain, and robust brain activity. We expected a negative correlation between PGE2 levels and COX2i (Samad et al., 2001) , but this was not observed. The lack of relationship between central COX2i and PGE2 suggests that the anti-inflammatory effects of COX2i may not be centrally mediated (Samad et al., 2001; Vardeh et al., 2009) , although this needs to be tested in a larger sample. Continued use of the COX2i drug decreased multiple clinical outcome measures and the magnitude of spontaneous pain for the worse OA knee, but had no effect on stimulus-evoked pain. These results raise questions as to the time, dose, and site of action for this COX2 inhibitor, and for anti-inflammatory drug action in OA in general, and should be investigated in future placebo-controlled studies. The brain regions related to COX2i are also informative as to possible mechanisms of OA pain and its modulation by anti-inflammatory drugs: The gACc activity related to changing COX2i blood levels also reflected changes in spontaneous OA pain for the worse knee. We do not know whether this activity is driven by changes in pain or in COX2i. Moreover, the general area of the gACc and mPFc are in close proximity to the regions encoding clinical characteristics of OA and thus may be influenced by changes in those parameters as well. This region is also shown to be involved in placebo effects (Wager et al., 2007; Eippert et al., 2009 ) and engaged in top-down modulation (Fields, 2006) . Therefore, it is unlikely that the brain activity reflecting blood levels of COX2i are due to local inhibition of COX2 enzyme. Instead, it likely reflects effects of pain modulation by efficacy of the drug at the joint itself, coupled with a top-down modulation based on expectation as well as peripheral analgesia, which in turn would diminish the central gain for the afferent spontaneous nociceptive barrage emanating from the OA joint, through spino-cephalad-spinal interactions.
Overall, this study provides multiple lines of evidence indicating that pressure-evoked knee pain and spontaneous OA pain have distinct mechanisms. The pressure-evoked pain and related brain activity is minimally different between OA and healthy subjects. In contrast, spontaneous knee OA pain has a brain representation similar to that seen for spontaneous pain in other clinical chronic pain conditions, and these brain regions relate to clinical characteristics and are modulated by COX2i therapy. These results challenge the clinical ideas regarding the nature of chronic OA pain and point to the intriguing possibility that the prefrontal-limbic brain regions identified for spontaneous pain, and molecular mechanisms underlying chronic pain in these areas (Millecamps et al., 2006; Centeno et al., 2009) , may provide novel therapeutic opportunities for OA. Fig. S1 . Experimental design. An air propelled plastic cylinder was used to exert painful pressure on the knee as subjects continuously rated pain (0-100 scale) using a finger-span device (A). Visual feedback of pain ratings was presented on a screen as a moving bar (B). Example pain rating from one subject is shown in C. Shaded areas mark epochs of pressure stimulation; the solid line represents the actual pain rating. The pressure signal and finger-spanning device were synchronized and time locked with the fMRI acquisition sequence. Stimuli were applied in a pseudo-random pattern of duration and intensity to account for variability in the range of pressures that individuals may deem painful. The experimenter applying the stimuli monitored subjects' pain ratings in response to stimuli during the course of the scan, and either increased or decreased subsequent stimulus intensity/ duration to explore the range of pain for individual subjects. Therefore individual differences in this timing dictated the variable number of stimuli (maximum nine) presented during each scan run. This procedure was applied separately to the left and right knees in both OA patients and healthy controls. Pressure recordings and pain ratings were then used in psychophysical and fMRI analyses. 
Table S3
Lists brain regions identified for painful pressure stimulation of the knee. Peak foci for pressure-induced pain on the knee in healthy subjects (n = 9), OA patients (n = 14), and for the contrast between worse and better OA knees (Worse > Better). The opposite contrast (Better > Worse), and contrasts between OA and Healthy subjects were null. Brodmann areas are shown in parentheses, x, y, z coordinates in mm. DLPFc = dorsolateral prefrontal cortex; mPFc = medial prefrontal cortex; OFC = orbitofrontal cortex; MFG = middle frontal gyrus; SFG = superior frontal gyrus; IFG = inferior frontal gyrus; SMA = supplementary motor area; STG = superior temporal gyrus; MTG = medial temporal gyrus; ITG = inferior temporal gyrus; IPL = inferior parietal lobule; PP = posterior parietal cortex; LOG = lateral occipital gyrus; gACc = genu anterior cingulate cortex; paraCG = paracingulate gyrus; ACc = anterior cingulate cortex; PCc = posterior cingulate cortex; postCG = posterior cingulate gyrus; Amyg = amygdala; Cereb = cerebellum; INS = insula; paraHG = parahippocampal gyus; HC = hippocampus; M1 = primary motor cortex; SII = secondary somatosensory cortex; PreCu = precuneus; Thal = thalamus; NAc = nucleus accumbens; Caud = caudate; PAG = periaqueductal gray. Brodmann areas are shown in parentheses, x, y, z coordinates in mm. DLPFc = dorsolateral prefrontal cortex; mPFc = medial prefrontal cortex; OFC = orbitofrontal cortex; MFG = middle frontal gyrus; SFG = superior frontal gyrus; IFG = inferior frontal gyrus; SMA = supplementary motor area; STG = superior temporal gyrus; MTG = medial temporal gyrus; ITG = inferior temporal gyrus; IPL = inferior parietal lobule; PP = posterior parietal cortex; LOG = lateral occipital gyrus; gACc = genu anterior cingulate cortex; paraCG = paracingulate gyrus; ACc = anterior cingulate cortex; PCc = posterior cingulate cortex; postCG = posterior cingulate gyrus; Amyg = amygdala; Cereb = cerebellum; INS = insula; paraHG = parahippocampal gyus; HC = hippocampus; M1 = primary motor cortex; SII = secondary somatosensory cortex; PreCu = precuneus; Thal = thalamus; NAc = nucleus accumbens; Caud = caudate; PAG = periaqueductal gray. Brodmann areas are shown in parentheses, x, y, z coordinates in mm. DLPFc = dorsolateral prefrontal cortex; mPFc = medial prefrontal cortex; OFC = orbitofrontal cortex; MFG = middle frontal gyrus; SFG = superior frontal gyrus; IFG = inferior frontal gyrus; SMA = supplementary motor area; STG = superior temporal gyrus; MTG = medial temporal gyrus; ITG = inferior temporal gyrus; IPL = inferior parietal lobule; PP = posterior parietal cortex; LOG = lateral occipital gyrus; gACc = genu anterior cingulate cortex; paraCG = paracingulate gyrus; ACc = anterior cingulate cortex; PCc = posterior cingulate cortex; postCG = posterior cingulate gyrus; Amyg = amygdale; Cereb = cerebellum; INS = insula; paraHG = parahippocampal gyus; HC = hippocampus; M1 = primary motor cortex; SII = secondary somatosensory cortex; PreCu = precuneus; Thal = thalamus; Caud = caudate; NAc = nucleus accumbens; PAG = periaqueductal gray.
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Table S6
Lists brain areas related to concentration of COX2 inhibitor in the blood. Peak brain activity foci in regions positively correlated with changes in blood plasma levels of a COX2 selective inhibitor drug during a 2 week daily treatment regimen.
COX2i
Brain Brodmann areas are shown in parentheses, x, y, z coordinates in mm. DLPFc = dorsolateral prefrontal cortex; mPFc = medial prefrontal cortex; OFC = orbitofrontal cortex; MFG = middle frontal gyrus; SFG = superior frontal gyrus; IFG = inferior frontal gyrus; SMA = supplementary motor area; STG = superior temporal gyrus; MTG = medial temporal gyrus; ITG = inferior temporal gyrus; IPL = inferior parietal lobule; PP = posterior parietal cortex; LOG = lateral occipital gyrus; gACc = genu anterior cingulate cortex; paraCG = paracingulate gyrus; ACc = anterior cingulate cortex; PCc = posterior cingulate cortex; postCG = posterior cingulate gyrus; Amyg = amygdale; Cereb = cerebellum; INS = insula; paraHG = parahippocampal gyus; HC = hippocampus; M1 = primary motor cortex; SII = secondary somatosensory cortex; PreCu = precuneus; Thal = thalamus; NAc = nucleus accumbens; Caud = caudate; PAG = periaqueductal gray.
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